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SUMMARY 

An experimental  research  program  conducted t o  expand the   ope ra t iona l   capab i l i -  
t i e s  of t h e  NASA Langley Mach 7 Scramjet Test F a c i l i t y  is  described. The f a c i l i t y ,  
an  e lectr ic-arc-heated wind t u n n e l   w i t h   a i r  as t h e  t e s t  gas,  i s  conf igured   for  test- 
ing  airframe-integrated  supersonic  combustion ramjet (scramjet) models a t   c o n d i t i o n s  
s imula t ing   f l i gh t   ve loc i t i e s ,   t empera tu res ,   and   p re s su res .   P rev ious   s c ramje t   t e s t ing  
i n   t h i s   f a c i l i t y  was l i m i t e d   t o  a s ing le   s imu la t ed   f l i gh t   cond i t ion   o f  Mach 6.9 a t  an 
a l t i t u d e   o f  115 300 f t .  The arc hea ter   research   presented   here in   demonst ra tes   the  
p o t e n t i a l  of t h e   f a c i l i t y   f o r   s c r a m j e t   t e s t i n g  a t  s imula ted   f l igh t   condi t ions   f rom 
Mach 4 ( a t  a l t i t u d e s  from 77 000 t o  114 000 f t )   t o  Mach 7 ( a t   a l t i t u d e s  from 108  000 
t o  149 000 f t ) .  Arc hea te r   e l ec t r i ca l   cha rac t e r i s t i c s   a r e   de f ined   and   sys t ema t i c  
p r o c e d u r e s   f o r   s e t t i n g   t h e   a r c   h e a t e r   a n d  power supply   parameters   and   the   fac i l i ty  
a i r f l o w   r a t e s   t o   a c h i e v e   t h e  tes t  c o n d i t i o n s   o f   i n t e r e s t   a r e   o u t l i n e d .   S o l u t i o n s   t o  
opera t iona l   p roblems  ( inc luding   f requent   fa i lure   o f  a c r i t i c a l  O-ring  and a r c   i n s t a -  
b i l i t y )  which  had l i m i t e d   f a c i l i t y   p r o d u c t i v i t y   i n   t h e   p a s t   a r e   d i s c u s s e d   a n d  limits 
of   operat ion  are   presented.  Measurements  of  nitrogen  oxide  contaminants  and t o t a l -  
tempera ture   p rof i les   in   the   t es t   s t ream  a re   eva lua ted .  

INTRODUCTION 

Development  of airframe-integrated  supersonic  combustion ramjet (scramjet)   tech-  
nology  continues t o   p r o g r e s s   a t  NASA Langley  Research  Center ( L a R C ) .  The scramjet  
program  focus i s  a f ixed-geometry,  hydrogen-burning,  advanced  engine  concept  (fig. 1) 
tha t   has   been  shown a n a l y t i c a l l y   t o   b e   a n   e f f i c i e n t   p r o p u l s i o n   d e v i c e   a t   f l i g h t  
speeds  above Mach 4 ( r e f s .  1 and 2 ) .  In t h e  Mach 4 t o  Mach 6 range,   the   engine i s  
most e f f i c i e n t  when opera ted   as  a ramje t   ( re f .  2 ) .  

The in t eg ra t ed   des ign   ( f ig .  2 )  u ses   t he   unde r s ide   o f   t he   f l i gh t   veh ic l e   a s   pa r t  
of  the  propulsion  system;  that  i s ,  the  forebody  shock wave provides  aerodynamic  pre- 
compression  of  the  f low  entering  the i n l e t ,  a n d   t h e   a f t   p o r t i o n  of the  vehicle   under-  
sur face  i s  used   as   par t   o f   the   nozz le   expans ion   sur face .   This   fea ture   reduces   bo th  
the  compression  required  f rom  the  inlet   and  the  physical   s ize  of the  engine  modules 
needed t o  produce   the   requi red   th rus t .  Because  of t h e  bow-shock precompression,  the 
airflow,  including  the  vehicle  forebody  boundary-layer  f low,  enters  the  scramjet 
module i n l e t   a t  a Mach number less t h a n   t h e   f l i g h t  Mach number. The t o t a l   e n t h a l p y  
o f   t he   en t e r ing   a i r f low,  however, i s  unchanged by precompression  and  equals   that   of  
t h e   f l i g h t  Mach number. 

Experimental   research on th i s   s c ramje t   concep t  i s  cu r ren t ly   i n   p rog res s   w i th  
subscale  models i n  wind-tunnel f a c i l i t i e s   e s p e c i a l l y   a d a p t e d   t o   p r o v i d e   t h e   r e q u i r e d  
tes t  conditions.  Tests a r e   c o n d u c t e d   a t   t o t a l   e n t h a l p i e s   a n d   t o t a l   p r e s s u r e s  which 
are r e p r e s e n t a t i v e   o f   p r a c t i c a l   f l i g h t  Mach nmnbers a n d   a l t i t u d e s .   l h e s e   f a c i l i t i e s  
provide   s imula t ion   of   engine-a i r f rame  in tegra t ion   e f fec ts   such  as veh ic l e  bow-shock 
precompression  and  boundary-layer  ingestion by the  scramjet.   This i s  accomplished by 
t e s t i n g  a t  a tunnel  Mach number less than   t he  Mach number corresponding t o   t h e  f l o w  
t o t a l   e n t h a l p y   a n d  by mounting t h e  model so t h a t  a por t ion  of t h e   f a c i l i t y   n o z z l e  
boundary l a y e r  i s  inges ted  by the   sc ramje t  model. 



Pas t  tests of the  a i r f rame-integrated  scramjet   have  been  conducted  in   three  wind 
t u n n e l s   a t   s i m u l a t e d   f l i g h t  Mach nmbers  of  approximately 4 and 7 ( r e f s .  3 t o  6) .  
These tes t  Mach numbers w e r e  chosen  because  they  provide data representat ive  of  
engine  operat ion  with  different   amounts   of   engine  a i r f low  captured  and  different  
fue l - in j ec t ion   t echn iques   ( r e f .  4 ) .  Mach 4 t e s t i n g  w a s  conducted a t  tes t  f a c i l i t i e s  
loca ted  a t  LaRC and a t  the  General   Applied  Science  labs (GASL) i n  Westbury, New York. 
Both are v i t i a t e d  a i r  (hydrogen-combustion  heated  with  oxygen  replenishment)  facili- 
ties. Mach 7 t e s t i n g  w a s  conducted a t  t h e  GASL f a c i l i t y   a n d  a t  the  Iangley Mach 7 
Scramjet T e s t  Facility  (STF),  which i s  an   e l ec t r i c - a rc -hea ted   f ac i l i t y .  

This report   descr ibes   an  experimental  tes t  program aimed a t  expanding  the capa- 
b i l i t y  of   the  STF f o r   t e s t i n g   a t   s i m u l a t e d   f l i g h t  Mach numbers  from 4 t o  7 r a t h e r  
t han   j u s t  a t  Mach 7 ( r e f .  4 ) .  This r e q u i r e d   t h a t   t h e  arc heater   be  used  over  a wide 
range  of tes t  cond i t ions   fo r  which i t s  behavior w a s  unknown. Arc h e a t e r s   i n   g e n e r a l  
a r e   n o t  w e l l  understood  on a t h e o r e t i c a l   b a s i s .  The r e s u l t s  of previous  research  on 
s imi l a r   t ypes  of a r c   h e a t e r s  were u s e f u l   f o r   p r e d i c t i n g   t h e   t r e n d   o f   o p e r a t i o n a l  
c h a r a c t e r i s t i c s   f o r   t h e  STF arc h e a t e r  due t o  var ious  parameter changes. However, 
s ince   eve ry   a r c   hea t e r  i s  unique when coupled  with a p a r t i c u l a r  power s u p p l y ,   t h i s  
experimental tes t  program w a s  necessary  to   determine  the  actual   performance.  

The a r c   h e a t e r  w a s  successful ly   operated  over  a wide  range  of t o t a l   p r e s s u r e s  
and t o t a l  en tha lp i e s   u s ing   t h ree   nozz le   t h rpa t   s i ze s .  This demonstrated  the  poten- 
t i a l  of t h e  STF f o r   t e s t i n g   o v e r  a wide  range  of  simulated Mach numbers  and a l t i -  
tudes. With the   p rope r   f ac i l i t y   con toured   nozz le s ,  a complete tes t  program  over a 
range  of Mach numbers can  be  accomplished  without  removing a model  from t h e   f a c i l i t y  
by changing  only  the  nozzle  and some components i n   t h e   a i r   s u p p l y   l i n e .  Arc h e a t e r  
and power supply   parameters   and   fac i l i ty   a i r f low rates necessary   to   ach ieve   these  
t es t  c o n d i t i o n s   a r e   p r e s e n t e d   i n   t h i s  report. Two problems  which  had  previously 
l i m i t e d   f a c i l i t y   p r o d u c t i v i t y ,   f r e q u e n t   f a i l u r e  of a c r i t i c a l  O-ring on t h e   a r c  
hea te r  downstream e l e c t r o d e   a n d   o c c a s i o n a l   a r c   i n s t a b i l i t y ,  were inves t iga ted .  Mea- 
surements   of   ni t rogen  oxide  contaminants   and  total- temperature   prof i les   in   the t e s t  
stream  over  the  expanded  range  of  simulated  f l ight Mach nmibers   and   a l t i tudes   a re  
presented. 
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LANGLEY MACH 7 S C W E T  TEST FACILITY 

The Iangley Mach 7 Scramjet Test F a c i l i t y  (STF) i s  an   e l ec t r i c - a rc -hea ted   f ac i l -  
i t y   w i t h  a i r  a s   t h e   t e s t   g a s   ( r e f s .  7 and 8 ) .  Figure 3 shows an  elevation  view  of 
t he   t unne l   c i r cu i t .  The t es t  f low  f rom  the   a rc   hea te r   and  plenum  chamber is  expanded 
through a contoured   nozz le   in to   the  tes t  sect ion.  Downstream o f   t h e   t e s t   s e c t i o n ,  
the  f low i s  d i f fused   t o   subson ic   ve loc i ty ,   coo led  by an  af tercooler ,   and  exhausted 
i n t o  a vacuum sphere. 

F a c i l i t y  Improvements 

The f i r s t  tests of the  hydrogen-burning,  airframe-integrated scramjet w e r e  con- 
ducted a t   t h e  STF and   a r e   desc r ibed   i n   r e f e rences  4 and 7. These tests were success- 
fu l   in   demonst ra t ing   the   per formance   po ten t ia l   o f   the  scramjet and i n   i n d i c a t i n g  
a reas   o f   engine   opera t ion   requi r ing   fur ther   research .  The tests a l so   s e rved  t o  
de f ine   a r eas  where f a c i l i t y  improvements would enhance  future   scramjet-related 
research. These improvements  were  implemented p r i o r   t o   t h e   p r e s e n t  t es t  program. 
They r equ i r ed   s t ruc tu ra l   s t r eng then ing   o f   t he  arc heater ,   construct ion  of  a new 
Mach 6 contoured  nozzle ,   modif icat ion  of   an  exis t ing t e s t  sec t ion ,   fabr ica t ion   of  a 
new instrumentation  box,  and  design  of new fue l   con t ro l s .  A photograph  of  the modi- 
f i e d   f a c i l i t y  i s  shown i n   f i g u r e  4. 
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The s t r u c t u r a l   s t r e n g t h e n i n g   o f   t h e   a r c   h e a t e r   i n c r e a s e d   t h e  maximum allowable 
f ac i l i t y   s t agna t ion   p re s su re   f rom 30 t o  45 a t m .  Higher   s tagnat ion  pressure i s  des i r -  
a b l e   t o   p r o v i d e  a lower   a l t i t ude   f l i gh t   s imu la t ion ,  which w i l l  promote more e f f i c i e n t  
ign i t ion   and   reac t ion   of   the   hydrogen-a i r   mix ture   in   the   sc ramje t .   Increased   s tagna-  
t i o n   p r e s s u r e  w a s  obtained a t  simulated Mach 7 f l i g h t   c o n d i t i o n s  by increas ing  maxi- 
mum a r c  power  from 10 MW t o  approximately  13 MW and by s l i g h t l y   r e d u c i n g   t h r o a t   a r e a  
i n   t h e  new  Mach 6 contoured  nozzle. 

An e x i s t i n g  t e s t  s e c t i o n  w a s  modified t o   p r o v i d e   s e v e r a l   a d d i t i o n a l   v i e w i n g  
p o r t s  so tha t   t he   eng ine   can  now be  observed  from  both  sides  and  from  below a t  t h e  
i n l e t   a n d  a t  the  exhaust .  This permits  more complete   f low  visual izat ion  than  previ-  
ously  avai lable   and  a l lows more extensive  use  of   nonintrusive measurement techniques 
d u r i n g   f u t u r e   t e s t i n g .  The access   po r t   l oca t ed  on top   o f   t he  t es t  sec t ion  was a l s o  
enlarged  from a 1- f t -d iameter   c i rcu lar   opening   to  a rectangular   opening 2 f t  wide  by 
5 f t  long. A new, la rger   ins t rumenta t ion  box was cons t ruc ted  t o  f i t   t h i s   l a r g e r  
access  port.  These  modifications  were made t o   p r o v i d e   e a s i e r   a c c e s s   t o   t h e  model and 
t o  allow more space   fo r   rou t ing   i n s t rumen ta t ion ,   fue l   l i nes ,  model inject ion  hard-  
ware,  and f u e l   c o n t r o l s .  

The new computer-operated  fuel  control  system  allows  up t o  f o u r   d i s t i n c t   t o t a l  
fue l   f l ow  r a t e s   t o   be   ob ta ined   du r ing  a t es t ,  w i t h   t h e   i n d i v i d u a l   f u e l   f l o w   r a t e s   t o  
s ix   s c ramje t   i n j ec t ion   s t a t ions   con t ro l l ed   i ndependen t ly .  A system  has  also  been 
added t o   t h e   f a c i l i t y   t o   i n j e c t  a pyrophoric   fuel   (a   mixture   of   hydrogen  and  s i lane 
( r e f .  9) ) i n t o   t h e   s c r a m j e t  model t o  promote igni t ion  of   the  hydrogen-air   mixture  
within  the  engine.  

Major  Support  Systems 

Major support   systems  required  for   operat ion  of   the STF a r e  shown i n   f i g u r e  5. 
These  include  high-pressure a i r ,  e l e c t r i c a l  power, high-pressure  deionized  cooling 
water, vacuum, hydrogen   fue l ,   ign i tor   fue l ,   and  model inject ion  systems.  The hydro- 
gen fue l   and  model inject ion  systems , which  were not   used   dur ing   the   p resent  tes t  
s e r i e s ,   a r e   d e s c r i b e d   i n   r e f e r e n c e  7. The a i r ,   e l e c t r i c a l  power,  cooling  water,  and 
vacuum systems  were used throughout   the  present  tes t  s e r i e s   a n d   a r e   d e s c r i b e d   i n   t h i s  
sec t ion .  

Air.- A 5000 p s i g   a i r   b o t t l e   f i e l d   s u p p l i e s   t h e  STF with a i r  through two l i n e s .  
The f i r s t   a i r   l i n e ,   l a b e l e d  "A" i n   f i g u r e   5 ,   s u p p l i e s   t h e  main a i r f low which passes  
through  the   a rc   hea te r   and  i s  h e a t e d   t o  a to ta l   en tha lpy   h igher   than   present ly   used  
for   sc ramje t - re la ted   t es t ing   (nominal ly  3 0 0 0  Btu/lbm). This h e a t e d   a i r  is  then mixed 
i n   t h e  plenum  chamber with  an  unheated  bypass  airflow , suppl ied  by l i n e  "B ,'I t o  
ob ta in   t he  tes t  a i r f low  wi th   the   des i red   to ta l   en tha lpy .   Dur ing   the   p resent  t es t  
s e r i e s ,   t h e  main a i r f low rate w a s  varied  between  0.44  and 2.50  lbm/s and  the  bypass 
a i r f low rate was va r i ed  between 0 .88  and  16.50  lbm/s. 

- 

E l e c t r i c a l  power.- D i rec t - cu r ren t   (dc )   e l ec t r i ca l  power i s  provided by  two iden- 
t i c a l  power suppl ies   connec ted   in   se r ies   wi th   the  arc heater   and  with two s e t s  of 
b a l l a s t   r e s i s t o r s   a n d  a r eac to r ,  which a r e   u s e d   t o   a c h i e v e  arc s t a b i l i t y .  The power 
suppl ies ,  which cons i s t ' o f   a r r ays   o f   a l t e rna t ing -cu r ren t  (ac) transformers  and s i l i -  
con   d iode   r ec t i f i e r s ,   c an   be   r egu la t ed   t o   p rov ide   va r ious  power l e v e l s  up t o  20  MW dc 
t o   t h e   a r c   h e a t e r   c i r c u i t .  Power l e v e l s   a r e   o b t a i n e d  by s e l e c t i o n  of  power-supply- 
t ransformer  output   vol tages ,   which  are   termed  tap  set t ings.  Each  power supply  has 
33 ava i l ab le   t ap   s e t t i ngs   w i th   co r re spond ing   vo l t age -cu r ren t   ou tpu t   cha rac t e r i s t i c s  
a s  shown i n   f i g u r e  6. A s c h e m a t i c   o f   t h e   a r c   h e a t e r   e l e c t r i c a l  power system i s  
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s h a m   i n   f i g u r e  7. J h r i n g   t e s t i n g ,  t o t a l  b a l l a s t   r e s i s t a n c e s  of 1.304,  1.479, 
and 1.594 ohms were used;   the  corresponding  res is tor   arrangements  are shown i n  
f i g u r e  8. 

Cooling water.- Deionized water, s t o r e d   i n  a 50 000-gal  capacity  tank  (fig.   5) , 
is  used t o  coo l   t he  arc h e a t e r  components, t h e  plenum  chamber,  and t h e   f a c i l i t y  noz- 
z le .  A pump driven by a 3000-hp motor  supplies  the  components  with  cooling  water a t  
p r e s s u r e s   u p   t o  1400 psig.  IXlring t h i s   t e s t   s e r i e s ,   t h e   s u p p l y   m a n i f o l d   p r e s s u r e  w a s  
1000 p s i g   f o r  a l l  tests w i t h   a r c   h e a t e r  power less than or equal  t o  10 MW. This 
pressure  w a s  increased  by 100 p s i g   f o r   e v e r y  1-MW i n c r e a s e   i n  arc h e a t e r  power  above 
10 MW. A t  a supply  pressure  of 1000 ps ig ,   t he   t o t a l   coo l ing   wa te r   f l ow rate t o  a l l  
components w a s  1060 gal/min. 

Vacuum.-  Vacuum f o r   a l t i t u d e   s i m u l a t i o n  a t  t h e  STF i s  provided by a 100-ft- 
diameter vacuum sphere  which i s  evacuated  using a three-s tage  steam ejector. m r i n g  
t h i s  test  series, the   on ly  vacuum requirement was that   f low  through  the  meter ing-  
nozzle   throat   be   choked.   In   the most c r i t i c a l   c a s e ,   t h i s   r e q u i r e d  a sphere   p ressure  
below approximately  6.5  psia. 

Arc Heater  and Plenum  Chamber Configuration 

The e l e c t r i c   a r c   h e a t e r   a n d  plenum  chamber configurat ion  used a t  t h e  STF i s  
shown i n   f i g u r e  9. The a r c   h e a t e r  i s  a Linde  type (N = 3 )  , and  the  var ious compon- 
e n t s  of the   hea te r   and   of   the  plenum  chamber a re   no ted   respec t ive ly  i n  f i gu res  1 0  
and 11  and i n   t a b l e s  I and 11. As i nd ica t ed   i n   t he   e l ec t r i ca l   sys t em  schemat i c  
( f i g .   7 )  , t h e  arc h e a t e r  i s  operated  with  the  upstream  electrode  as   the  anode  and  the 
downstream e lec t rode  as the  cathode.  The po ten t i a l   d i f f e rence  between  ground  and t h e  
downstream e lec t rode  i s  approximately  the same a s   t h a t  between  the  upstream  electrode 
and  ground. m r i n g   t h e   p r e s e n t  tes t  series, the   vo l tage   d rop   across   the   e lec t rodes  
ranged  from 1450 t o  7100 V. 

The e l e c t r i c   a r c  i s  i n i t i a t e d  by using a 0.035-in-diameter s t e e l   r o d   t o  make 
i n i t i a l   c o n t a c t  between t h e  two coaxia l ,   cy l indr ica l   e lec t rodes   (ups t ream  and  down- 
stream e l e c t r o d e s ) ,  which a r e   s e p a r a t e d  by t h e   e l e c t r i c a l l y   i n s u l a t e d  main a i r - i n l e t  
chamber. The a rc   es tab l i shes   be tween  the   e lec t rodes   and ,   except   for   the   t e rmina t ion  
regions,  i s  conf ined   a long   t he   cen te r l ine  of t h e   h e a t e r  by the   vor tex   f low  of   the  
main a i r s t ream,  which i s  in jec ted   wi th   bo th  a r ad ia l   and  a t a n g e n t i a l   v e l o c i t y  
( s w i r l e d   i n ) .   T h i s   t y p e  of a r c   h e a t e r  i s  termed a vo r t ex - s t ab i l i zed   a r c   hea t e r  
( r e f .  1 0 ) .  The arc   terminat ion  regions  ( the  areas   where  the arc a t t a c h e s   t o   t h e  
e lec t rodes)   a re   cont inuous ly   ro ta ted  by a combinat ion  of   the  swir l ing  a i r   and  the 
i n t e r a c t i o n  of t h e   a r c   w i t h   t h e  two external ly   appl ied  magnet ic   f ie lds ,   each  of   which 
has  a s t rength  of  5000 gauss. The a r c   r o t a t i o n   s p r e a d s   t h e   i n t e n s e   h e a t i n g   r a t e   o f  
the   a rc   a t tachment   reg ions   over  a much greater   surface  area  and  prevents   the  copper  
e lec t rodes   f rom  mel t ing   in   these   reg ions .  

The arc-heated a i r  i s  mixed  with  the  bypass   a i r  t o  form a r e s u l t a n t  t e s t  gas 
with  the  desired  s tagnat ion  condi t ions.  This mixing  scheme is  necessary  because  the 
arc heater   cannot  process t h e  t o t a l  f a c i l i t y  mass flow  and  maintain a s t a b l e  operat- 
i n g  mode.  The bypass a i r  is  in j ec t ed   r ad ia l ly   f rom two sets of slots machined i n   t h e  
second  and t h i r d  plenum r ings  as shown i n   f i g u r e  11. This rad ia l   i n j ec t ion   enhances  
mixing  and a l so   b reaks   up   t he  s w i r l  downstream  of t h e   a r c   h e a t e r  t o  improve  flow 
q u a l i t y   f o r   e n g i n e   t e s t i n g .  
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ARC HEATER RESEARCH TESTS 

The arc hea te r   r e sea rch  tests were conducted t o   e x t e n d   t h e   c a p a b i l i t y   o f   t h e  STF 
f o r   t e s t i n g  a t  s i m u l a t e d   f l i g h t  Mach numbers  from 4 t o  7. This requ i r ed   t he   s i ze   o f  
t he   f ac i l i t y -nozz le   t h roa t ,   bo th   t he  main  and  bypass  airflow rates, t h e  power-supply 
tap s e t t i n g s ,   a n d   t h e   b a l l a s t  resistance t o  be  varied.   Previously  the STF w a s  
operated t o  s imulate  a s i n g l e  Mach 7 f l i g h t   c o n d i t i o n  (arc power of 9.77 MW, t o t a l  
pressure  of  28.5 atm, t o t a l  temperature  of 3925OR, and   o the r   ope ra t ing   cond i t ions  
t a b u l a t e d   i n   r e f .   7 ) .  Data provid ing   in format ion   on   the   opera t ing   charac te r i s t ics   o f  
t h e  arc heater  and  power-supply  combination a t  o t h e r  arc powers   and  heater   pressures  
were  not  available.  

Tes t ing   t he   p re sen t - s i ze   s c ramje t   eng ine   mode l s   a t   va r ious   s imu la t ed   f l i gh t  Mach 
numbers requi res   use  of a s e r i e s  of nozz le s   w i th   ex i t  areas compatible   with  the same 
engine  s ize;   therefore ,   each  nozzle   has  a d i f f e r e n t   t h r o a t   a r e a .  The pressure   wi th in  
the   a r c   hea t e r   and  plenum  chamber i s  s t rongly   dependent   on   the   nozz le   th roa t   a rea  
where t h e  t es t  stream i s  always  choked;   therefore ,   the   s ize   of   this   throat   could 
a f f ec t   t he   ope ra t ing   cond i t ions   o f   t he   a r c   hea t e r   (p rov id ing   t he  main a i r f l o w   e x i t i n g  
t h e  downstream e lec t rode  i s  not  choked). However, s ince   t he   f l ow  ve loc i ty  a t  t h e  
t h r o a t  is  sonic ,   f low  condi t ions downstream  of t h e   t h r o a t   h a v e  no e f f e c t  on   t hose   i n  
t h e  arc hea ter   and  plenum  chamber. Therefore, tests with  converging  metering  nozzles 
(o f   c i r cu la r   c ros s   s ec t ion )   w i th   t he  same th roa t   a r eas   bu t   w i thou t   t he  complex  expan- 

.s ion  contours   of  a tunnel   nozz le   p rovide   p roper   a rc   hea te r   opera t ion   cor responding   to  
the   des i r ed  tes t  condi t ions.  

Resul t s  of p rev ious   s c ramje t   t e s t s   ( r e f s .  3 and 4 )  were used t o  determine 
approximate   spec i f ica t ions   for   contoured   fac i l i ty -nozz le   des igns  (i.e.,  e x i t  Mach 
number, ex i t   a r ea ,   and   t h roa t  area) u s e f u l   f o r   t e s t i n g   s c r a m j e t   e n g i n e  models  typi- 
c a l l y  8.0 in .   h igh  by 6.4 i n .  wide a t  s i m u l a t e d   f l i g h t  Mach numbers  of 4.0,  5.5,  and 
7.0. The chosen  levels  of  simulated  f l ight-vehicle-forebody  precompression  yielded 
i n l e t  Mach numbers  of  3.4, 4.9, and  6.0.  (See  fig.  12.)  Converging  metering  nozzles 
wi th   t he   t h roa t   a r eas   spec i f i ed  by t h e s e   r e s u l t s  were constructed  and  used  during 
t h i s   t e s t  program. 

Special   Test   Apparatus 

The converging  metering  nozzles  discussed  above  and a constant-area,  uncooled 
connector  duct  (coated  internally  with  zirconium  oxide) were u s e d   i n   p l a c e   o f   f a c i l -  
i ty   contoured  nozzles .  This t e s t   s e t u p  i s  shown schemat i ca l ly   i n   f i gu re  13  and a 
photograph  of  the  configuration i s  p r e s e n t e d   i n   f i g u r e  14. Metering  nozzles  with  the 
fol lowing  three  different   throat   d iameters   were  used:  a 1.3- in-diameter   throat   for  
s imulat ing Mach 7 f l i g h t   c o n d i t i o n s ;  a 2 .2- in-diameter   throat   for   s imulat ing Mach 5.5 
f l igh t   condi t ions ;   and  a 5.6- in-diameter   throat   for   s imulat ing Mach 4 f l i g h t   c o n d i -  
t i ons .  The 1.3-in-diameter  throat  and  the  2.2-in-diameter  throat  consisted  of a 
common f l a n g e   i n t o  which t h e  two i n d i v i d u a l   t h r o a t   i n s e r t s  w e r e  i n s t a l l e d .  (See 
f i g s .  15( a )  and  15( b )  . ) These  configurations were water-cooled  and  the  surfaces  
exposed t o   t h e   h o t   a i r f l o w  were coated  with  z i rconium  oxide  for   addi t ional   thermal  
pro tec t ion .  The 5.6-in-diameter  throat was machined as  a n   i n t e g r a l  part  of a f lange  
a s  shown i n   f i g u r e   1 5 ( c ) .  The su r faces   o f   t h i s   t h roa t   con f igu ra t ion  which  would be 
exposed t o   t h e   h o t   a i r  were also  coated  with  z i rconium  oxide;  however, t h e   t h r o a t  w a s  
not  water-cooled. 

I n   o r d e r   t o   o b t a i n   t h e   c o r r e c t   t o t a l   e n t h a l p i e s   a n d  t o t a l  p r e s s u r e s   f o r   t h e  
desired range  of  simulated  f l ight  conditions,   bypass  and main a i r f l o w  rates g rea t e r  
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than   those   used   in   p rev ious  tests were required. The inc reases   i n   bypass   a i r f low 
r a t e  were  accomplished  with  only  minor  changes t o  the  bypass a i r  system. The plenum 
r i n g s   ( f i g .  11) w e r e  modified as i n d i c a t e d   i n   t a b l e  I11 by inc reas ing   t he  number of 
r ec t angu la r   i n j ec t ion   s lo t s   l oca t ed   be tween   r i ngs  1 and 2 and  between  rings 2 and 3 
and by inc reas ing   t he  s i z e  of   each   in jec t ion   s lo t .  A l a rger   capac i ty   a i r f low  meter  
and a l a r g e r   f l o w   o r i f i c e   i n   t h e   b y p a s s  a i r  regulator were a l so   requi red .  N o  changes 
w e r e  necessary i n   t h e  main a i r  system t o   i n c r e a s e   t h i s   a i r f l o w   r a t e  by the   r equ i r ed  
amount. 

Test Parameters  Setup  Procetture 

IXlring t h e   i n i t i a l   p a r t  o f   t he  t es t  s e r i e s ,  a l l  run  condi t ions,   regardless   of  
t h e  arc power l e v e l   a n d   t h e  t es t  flow t o t a l  enthalpy,  were set  up  maintaining  the 
r a t i o  of   a t tempted  arc  power t o  main a i r f l o w   r a t e   t h e  same as  f o r   t h e   p r e v i o u s   s i n g l e  
ope ra t ing   po in t  (i .e. , a t  a ra t io  of 10 MW/ 1.7 lbm/s) . Expected arc r e s i s t a n c e  w a s  
calculated  with a s i m i l a r  ra t io  (i.e.,  a r a t i o  of 2 ohms/l.7  lbm/s). From t h e s e  
v a l u e s ,   t a p   s e t t i n g s ,  which  would y i e ld   spec i f i ed   a r c   powers ,  w e r e  approximated  from 
plots   such as f i g u r e  16,  generated  from  the  plots  of  power-supply  characterist ics 
( f ig .   6 ) .   F igure  16 shows a r c  power a s  a func t ion  of a r c   r e s i s t a n c e   a n d  power-supply 
tap s e t t i n g s   f o r  a b a l l a s t   r e s i s t a n c e   o f  1.304 ohms.  The t a p   s e t t i n g s  on both power 
supplies  were  taken t o  be  equal. Assuming h e a t e r   t o t a l   e n t h a l p y   t o   b e   t h e  same as 
the   p rev ious   opera t ing   po in t  ( i . e . ,  approximately 3000 Btu/lbm)  and  with  main  airflow 
r a t e  and  the  unheated  bypass a i r   en tha lpy   knwn ,   t he   r equ i r ed   bypass   a i r f low  r a t e   fo r  
a given test t o t a l   e n t h a l p y  was ca l cu la t ed  from a simple  mixing  equation.  This  setup 
procedure w a s  r e f i n e d  as  new da ta  were obtained. 

Test  Procedure 

P r i o r   t o  a tes t ,  t h e   f a c i l i t y   c o n f i g u r a t i o n   n e e d e d   t o   o b t a i n   t h e  tes t  condi t ions 
of i n t e r e s t  was determined. Hardware select ion  opt ions  included  meter ing-nozzle  
s i z e ,  downstream e lec t rode   des ign ,   bypass   a i r   i n j ec to r   con f igu ra t ion ,   and   ba l l a s t  
res i s tance .  The various  systems of t h e  STF were then set  up ( i . e . ,   t h e   e l e c t r i c a l  
power, a i r ,  cool ing water, vacuum, and data acqu i s i t i on  systems). The output  power 
l e v e l  was ad jus ted  by choosing a t a p   s e t t i n g   f o r   e a c h  power supp ly   acco rd ing   t o   t he  
procedure   ou t l ined   in   the   p rev ious   sec t ion ,   and   the   cor responding  main  and  bypass 
a i r f l o w   r a t e s  were se l ec t ed .  

A check  run was made each  day  before any o t h e r   t e s t i n g  w a s  conducted.  IXlring 
t h i s   r u n   a l l   s y s t e m s   f u n c t i o n e d   e x c e p t   t h e   a r c   h e a t e r   e l e c t r i c a l  power and  data 
acquisit ion  systems.  Although  these systems were  not i n   ope ra t ion ,   t he   t iming   o f   t he  
sequencers   cont ro l l ing  them  and a l l  other  systems was checked.  If a l l  systems per- 
formed as expected dur ing   t he   check   run ,   f i na l   p repa ra t ions   fo r  a ho t  test  were 
completed. 

A f t e r   t h e   h o t  test w a s  manual ly   in i t ia ted ,   the  test  sequence w a s  conpletely 
automatic.  Control was provided by t h r e e  cam systems,  an  automatic  sequencer,  and 
seve ra l  timers, a l l  of which were preprogrammed.  Throughout t h e  t e s t  series, t h e  arc 
w a s  e s t a b l i s h e d   f o r  10 t o  15 s during  each test. 
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Measured  Parameters 

The measured parameters included arc vol tage   and   cur ren t ;  main and  bypass a i r  
mass flow rates; cool ing  water flow rates t o  a l l  h e a t e r  components, t h e  plenum r ings ,  
t h e  plenum,  and t h e   t h r o a t ;   i n l e t   a n d   o u t l e t   c o o l i n g  water temperatures t o  t h e  same 
components; a rc   hea te r   p ressure ;   and  plenum  chamber pressure.  F r o m  these  measure- 
ments,  which were recorded 20 times per  second, arc h e a t e r   e l e c t r i c a l   o p e r a t i n g   c h a r -  
acteristics were determined. Xeater and   t e s t - f low  to t a l   en tha lp i e s  were ca l cu la t ed  
acco rd ing   t o   t he   ene rgy   ba l ance   equa t ions   g iven   i n   r e f e rence  7, and tes t  t o t a l  
enthalpy was ca l cu la t ed   u s ing   t he   uncor rec t ed   son ic   t h roa t  method ( r e f .   11 ) .  

N i t rogen   ox ide   l eve l s   i n   t he   t e s t   gas  were  determined  from  gas  samples  obtained 
a t   t h e   e x i t s  of   the  meter ing  nozzles   during some t e s t s .   (See   f i g .  17. ) A water- 
cooled  sample  probe was pos i t ioned  a t  the   ex i t   o f   the   meter ing   nozz le .  With t h e  
solenoid  and  sample-bottle  valves  open,  the t e s t  s e c t i o n  vacuum was used t o  purge   the  
bo t t l e   w i th   cap tu red  tes t  g a s   d u r i n g   t h e   f i r s t  5 s of   t he   ho t  test. The downstream 
solenoid  valve was then  c losed  and a gas  sample  obtained.  Prior t o   e x t i n g u i s h i n g   t h e  
arc ,   the   upstream  solenoid  valve w a s  c lo sed   t o   ensu re   an   accu ra t e   s ample   o f   t he  t es t  
gas. The sample b o t t l e  w a s  then  removed and i t s  contents  analyzed t o  determine 
n i t rogen   ox ide   l eve l .  

Total   temperature  was measured  during.some t e s t s   o f  a l l  three  meter ing  nozzles .  
The total-temperature  probes were mounted i n   t h e   f l o w   j u s t  downstream  of the   nozz le  
throa t .  (See f ig .  13. ) An annealed iridium/iridium-40-percent-rhodium thermocouple 
was used  with  the  1.3-in-diameter  metering  nozzle  for t es t  c o n d i t i o n s   a t  which t h e  
a i r f low  to t a l   t empera tu re  was g rea t e r   t han  25000R ( f i g .  18) .  =though  the  thermo- 
couple  probe was designed t o  minimize  veloci ty ,   conduct ion,   and  radiat ion  losses   (see 
r e f .   1 2 ) ,   u n c e r t a i n t i e s  s t i l l  e x i s t  a t  these   t empera ture   l eve ls .   Other   fac tors   such  
as changes i n  thermocouple  emissivity due to   p l a t ing   o f   coppe r   ox ide  from t h e  arc 
hea ter   e lec t rodes   on to   the   thermocouple   bead   could   a l so   have   a f fec ted   the   accuracy   of  
the  thermocouple  measurement's.  For t e s t s   w i t h   t h e   t o t a l   t e m p e r a t u r e  below 2500°R, 
surveys  were  conducted  using a chromel/alumel  thermocouple  rake  (fig.  19).  Velocity, 
conduction,  and  radiation loss were minimized by the  probe  design  and were  small a t  
t h e   t o t a l   t e m p e r a t u r e s  measured  with  the  chromel/alumel  thermocouples. 

TEST RESULTS 

The  major r e s u l t s  of t h i s  t es t  s e r i e s   a r e   p r e s e n t e d   i n   t h i s   s e c t i o n .  Opera- 
t ional   problems are d i s c u s s e d   f i r s t ,   a n d   s o l u t i o n s   t o   t h e s e   p r o b l e m s   o r  imposed 
limits of  operation are presented. Arc heater  and  power-supply  electrical   charac- 
t e r i s t i c s  are o u t l i n e d ,   a n d   t h e   e f f e c t s   o f   b a l l a s t   r e s i s t a n c e ,   a i r f l o w   r a t e ,   a n d   a r c  
hea ter   p ressure  on t h e s e   c h a r a c t e r i s t i c s  are discussed.  Results  from  the  various 
techniques   for   de te rmining   to ta l   en tha lpy   of   the   a i r f low are compared,  and f a c i l i t y  
thermal   e f f ic iency  i s  d iscussed .   Measured   to ta l - tempera ture   p rof i les   a re   ana lyzed   to  
assess f l o w   q u a l i t y   f o r   f u t u r e   s c r a m j e t   t e s t s   o v e r  a range  of   s imulated  f l ight  Mach 
numbers.  Measurements  of n i t rogen   ox ide   contaminants   in   the   a rc -hea ted   f low  a re  
p re sen ted   fo r  a r ange   o f   s imu la t ed   f l i gh t   cond i t ions   fo r   u se   i n   r e l a t ing   s c ramje t  
performance  measured i n   t h e   f a c i l i t y   t e s t s   t o   e x p e c t e d   f l i g h t  Performance. Maps of 
f a c i l i t y   o p e r a t i n g   r a n g e   i n  terms of t o t a l   p r e s s u r e   a n d  t o t a l  enthalpy are presented 
f o r   t h r e e   p o t e n t i a l   f a c i l i t y   n o z z l e s .  The f l i g h t  Mach number and  a l t i tude-simulat ion 
capabi l i t i es   cor responding  t o  the  range  covered by t h e s e  maps are discussed.  Fin- 
a l l y ,   r e f i n e d   f a c i l i t y   s e t u p   p r o c e d u r e s  which  can  be  used t o  determine  the  proper  
e l ec t r i ca l   and   a i r f low  pa rame te r s   fo r   t h i s   r ange  of t e s t  cond i t ions   a r e   ou t l i ned .  
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Operational Problems 

C r i t i c a l  O-ring f a i l u r e . -  One very  important  operational  problem,  which w a s  
so lved   du r ing   t he   a r c   hea t e r   r e sea rch  tests, was t h e   f a i l u r e   o f  a c r i t i ca l  O-ring 
after  every  high-arc-power tes t  (arc power greater  than  approximately  7.5 MW) . The 
O-ring  provides a seal between the  high-pressure  cool ing water a n d   t h e   f a c i l i t y   a i r -  
flow a t   t h e  downstream  end  of t h e  downstream e l e c t r o d e   ( f i g .   2 0 ( a ) ) .  The problem w a s  
e l iminated by redesign  and  modif icat ion  of   the downstream electrode.  

With t h e   o r i g i n a l  downstream e l e c t r o d e   c o n f i g u r a t i o n ,   t h e   t i p   o f   t h e   e l e c t r o d e  
w a s  some dis tance  f rom  the  cool ing water passage  and w a s  d i rect ly   exposed t o  t h e   h o t  
a i r f l o w   e x i t i n g   t h e   e l e c t r o d e   ( e n t e r i n g   t h e  plenum  chamber).  During a h o t  t es t ,  t h e  
h igh- tenpera ture   a i r f low  caused   the  downstream e l e c t r o d e   t o   t h e r m a l l y  expand. The 
t i p  of the   e lec t rode   increased   in   d iameter ,   ex tended   fa r ther   f rom  the   cool ing  water 
passage,  and became very  hot. After t h e  tes t  was terminated,   the  downstream elec-  
t rode  contracted  and  dragged  the  hot  t i p  over   the  O-ring surface.  For  every  high- 
power test ,  O-ring damage occurred  with water l e a k a g e   a f t e r   t h e  test; the re fo re ,   t he  
O-ring  had t o  be   rep laced .   This   requi red   secur ing   a l l   major   fac i l i ty  systems,  d i s -  
assembling  par t   of   the   arc   heater ,   replacing  the  O-r ing,   reassembling  the  arc   heater ,  
and   s e t t i ng  up the   f ac i l i t y   sys t ems   aga in   be fo re   t he   nex t  tes t  could be made. 
Replacing  the  O-ring  involved much t i m e  and   e f for t   and   th i s   p roblem  s ign i f icant ly  
l imi ted   the   p roduct iv i ty   o f   the  STF. 

A downstream e lec t rode   des ign   wi th  a new t ip   conf igura t ion   comple te ly   reso lved  
t h e  O-ring  problem.  In t h i s   d e s i g n ,  shown i n   f i g u r e   2 0 ( b ) ,   t h e  downstream e lec t rode  
t i p  w a s  c o n s t r i c t e d   t o  a s m a l l e r   i n t e r n a l   e x i t   d i a m e t e r   ( t o  1.600 in.  from  2.315  in. ) 
to  al low  space  for  an  external  cooling  water  passage  between  the  O-ring  and  the  hot 
a i r f low.   This   cool ing   water   passage   a l so  moves wi th   t he   e l ec t rode  t i p  a s   t h e   e l e c -  
t rode   expands   thermal ly   and   main ta ins   the   sur face   in   contac t   wi th   the   O-r ing   a t  a 
reasonably  cool  temperature a t   a l l  times. No O-ring f a i lu re   has   occu r red   w i th   t he  
newly des igned   e lec t rode   t ip .  A t  the  completion of t h i s   t e s t  series, 125 tests, 50 
of which  were a t  h i g h   a r c  power,  had  been made without  O-ring damage. 

Arc i n s t a b i l i t y . -  An arc- ins tab i l i ty   p roblem,   charac te r ized  by s i g n i f i c a n t l y  
i n c r e a s e d   f l u c t u a t i o n s   i n   a r c  power and by arc   a t tachment   fur ther  downstream than  
normal, was observed  for  some t e s t   c o n d i t i o n s   d u r i n g   t h e   a r c   h e a t e r   r e s e a r c h   t e s t s   a s  
well a s   d u r i n g   e a r l i e r  t es t  programs.  This  problem  occasionally  resulted  in damage 
t o   t h e  t i p  of t h e  downstream e lec t rode .   In  a few cases ,   a rc   a t tachment  downstream  of 
the   e lec t rode   caused  damage t o   t h e  plenum r ings   o r   t o   t he   me te r inq -nozz le   f l ange .  
During t h i s  tes t  series, the   s t ab le   ope ra t ing   r ange  of t h e   f a c i l i t y  was d e f i n e d   f o r  
t h e   t e s t   c o n d i t i o n s  of i n t e r e s t .  

Maximum a r c  power f luctuat ions  normalized  with  the  corresponding mean a r c  powers 
a r e  shown i n   f i g u r e  21 a s   f u n c t i o n s  of t h e   r a t i o  of a r c   r e s i s t a n c e   t o   t o t a l  resis- 
t a n c e   f o r   v a r i o u s  r u n  condi t ions.   Curves  are   presented  for   data   obtained  using  the 
o r i g i n a l  downstream e lec t rode   wi th   the   1 .3- in-d iameter   th roa t   and   us ing   the  new con- 
s t r i c t e d  downstream e lec t rode   wi th  a l l  three  metering  nozzles.   Data  obtained  with 
some of t hese   conf igu ra t ions   exh ib i t ed   cons ide rab le   s ca t t e r ;   t he re fo re ,   on ly   cu rves  
which  were f a i r ed   t h rough   t he  mean of   ' the   da ta   a re  shown.  The normalized  arc  power 
f luc tua t ions  were r e l a t i v e l y   c o n s t a n t   f o r  a l l  electrode-throat  combinations  below  an 
a rc - to - to t a l   r e s i s t ance   r a t io   o f  0.65.  With the  1.3-in-diameter  throat,  however, t h e  
arc power f luc tua t ions   wi th   bo th   e lec t rodes   increased   dramat ica l ly  a t  higher  resis- 
tance  ratios. I n s u f f i c i e n t  data e x i s t   t o   d e t e r m i n e   s t a b i l i t y  limits for  t h e  two-lar-  
ge r   t h roa t s .  The data   emphasize  the  importance  of   maintaining  suff ic ient   bal las t  
r e s i s t a n c e   i n   t h e   a r c   h e a t e r   e l e c t r i c a l   c i r c u i t .   G e n e r a l l y ,  power f l u c t u a t i o n s  were 
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smaller when operating  with  the new constricted downstream electrode  design  than  with 
the  original  design and decreased a s  metering-nozzle  diameter was increased. The a rc  
was contained  within  the  arc  heater and no damage t o  the  downstream electrode, plenum 
rings,   or metering-nozzle  flange  occurred  because of an  arc-instabil i ty problem a f t e r  
the newly designed downstream electrode was placed i n  service. 

Arc Heater Electrical  Characteristics 

The arc  heater  electrical   characterist ics  (voltage,   current,  and power) are  
specified by power-supply tap  set t ings,   bal las t   res is tance,  and arc  resistance.  
Although the  tap  set t ings and the   ba l las t   res i s tance   a re   se lec ted   p r ior   to  a t e s t ,  
arc  resistance is  a function of several  variables. I n  t h i s  t e s t   s e r i e s ,   a r c   r e s i s -  
tance was determined a s  a function of  main airflow  rate,  arc  heater  pressure, and 
metering-nozzle throat   s ize  i n  the  operating  range  explored. 

Arc  power as  a function of tap  set t ings,   bal las t   res is tance,  and arc  resistance 
is shown  by the  curves i n  f igures  22(a) t o  22(c) ,  which were generated  using power- 
supply character is t ics   ( f ig .  6 ) .  Lower ballast   resistance  yields  higher  arc power 
fo r  any particular  value of arc  resistance.  However, suff ic ient   bal las t   res is tance 
must be present i n  the  arc  heater  circuit  to  maintain  stable  arc  operation. In the 
tes t s   the  amount of ballast   resistance was varied between 1.304 and 1.594 ohms. 
These data, shown i n  figures  22(a)  to  22(c):  demonstrated  that a ballast   resistance 
of 1.304 ohms  was sufficient  to  maintain  stable  arc  operation w i t h  the new downstream 
electrode  installed  while  achieving any scramjet test   condition i n  the range of 
interest .  The dashed curves i n  the  figures  represent  the l i m i t  of the  arc-to-total 
res is tance  ra t io  (approximately 0.65) where a rc   i n s t ab i l i t y  was shown t o  be a poten- 
t i a l  problem i n  t es t s   us ing   the  1.3-in-diameter throat.  Test  conditions above the 
dashed l i ne  may resu l t  i n  the  arc  being  less  stable whereas those below the dashed 
l ine   resu l t  i n  stable  arc  operation. Some data  points  are shown where arc  resistance 
was greater  than  that  defined by the dashed s t a b i l i t y  curve. Although the newly 
desYgned  downstream electrode  contained  the  arc  during  the  tests,  large  arc power 
fluctuations were observed (AP/P = 12 percent  for Rarc = 6.5 ohms i n  fig.  22(a) ). 

Arc resistance  as a function of  main a i r  mass f l o w  r a t e  and metering-nozzle 
throat  size i s  shown i n  figure  23(a). These data were obtained w i t h  constant power- 
supply tap  set t ings of 16 and a ballast   resistance of 1.304 ohms. Arc resistance 
increased  almost  proportional t o  main airflow  rate  for  the  larger two throats  over 
the range investigated. However, with  the 1.3-in-diameter throat,   arc  resistance 
increased  rapidly a t  main airflow  rates above approximately 1.4 lbm/s. This rapid 
increase  occurred  as  operation approached unstable  conditions. Data obtained a t  
other power-supply tap  settings  exhibited  similar  trends. 

Arc heater  pressure  effects on arc   res is tance  are  shown i n  figure  23(b). These 
data were obtained a t  various power-supply tap  set t ings and  bypass airflow  rates w i t h  
a ballast   resistance of 1.304 ohms and nominal main airflow  rates. All the   da ta   fa l l  
in to a correlation band  which shows a gradual  increase i n  arc  resistance w i t h  heater 
pressure. The shaded symbols are  the  data shown i n  figure  23(a). These data ind i -  
cate  that   the main airf low  ra te   effect  is  independent of the  pressure  effect. 

The effects  of  main airflow  rate on several   f luid and electr ical   propert ies   are  
shown i n  figures 24 and 25.  The data i n  figure 24 were obtained  using  the 5.6-in- 
diameter throat  with  tap  settings of  16 and a constant  bypass  airflow  rate. The 
flow from the downstream electrode was choked when t h i s  throat  was installed  (see 
fig. 26);  therefore, a l l  property  variations  are  solely a function of the main a i r -  
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flow rate. The l a r g e   v a r i a t i o n s   i n   t h e   p r o p e r t i e s   d e m o n s t r a t e   t h a t  main a i r f l o w   r a t e  
can  be  an  important  parameter  for  achieving a range of t es t  conditions.  The d a t a   i n  
f i g u r e  25  show t h e   e f f e c t  o f   main   a i r f low  ra te   on   a rc  power a t   t h e  maximum power- 
s u p p l y   t a p   s e t t i n g  of 33. Increased main a i r f l o w   r a t e   l e a d s   t o   h i g h e r  arc power. 
Since 33 is  t h e  maximum t a p   s e t t i n g   f o r   t h e  power s u p p l i e s ,   t h i s   e f f e c t   c a n  be use fu l  
t o   a c h i e v e  maximum power wi th in   t he   p rev ious ly   de f ined   a r c - s t ab i l i t y  limits. 

The l a r g e   e f f e c t s  of main a i r f low rate on arc res i s tance   and   o ther   hea te r   p rop-  
ert ies requi re   tha t   nominal  main a i r f low  r a t e   be   de f ined  as a function  of power- 

provide a consis tent   approach t o  achiev ing   the   des i red  t es t  condi t ions.  
Supply tap  Set t ing.   (See  f ig .   27.)  The use  of these  nominal   a i r f low rates should 

Arc r e s i s t a n c e ,   a r c  power, a rc   vo l tage ,   and   a rc   cur ren t   a re   p resented   as   func-  
t i o n s  of tap s e t t i n g   i n   f i g u r e s  28 and 29 a t   t h e  nominal  main a i r f l o w   r a t e s   w i t h  a 
b a l l a s t   r e s i s t a n c e  of  1.304 ohms. The magnitudes  of all t h e s e  parameters inc rease  
wi th   i nc reas ing   t ap   s e t t i ng .   In   gene ra l ,   ope ra t ion   w i th   l a rge r   t h roa t   s i ze s  a t  a 
p a r t i c u l a r   t a p   s e t t i n g   r e s u l t e d   i n   l o w e r   a r c   r e s i s t a n c e ,  arc voltage,  and arc power 
bu t   i n   h ighe r   a r c   cu r ren t .  A t  t he   h ighes t  tap s e t t i n g   ( 3 3  on  both power s u p p l i e s ) ,  
only 11.1 MW of a r c  power  was obtained  with  the  5.6-in-diameter  throat,   whereas 
12.8 MW w a s  obtained  with  the  1 .3- in-diameter   throat  a t  t h e  same nominal  main a i r f l o w  
ra t e .  As shown i n   f i g u r e  25, t h e  power obtained  with  the  5.6-in-diameter  throat  can 
be increased by inc reas ing   t he  main a i r f low rate above  the  nominal  value. However, 
t h i s  is  not  the  case  with  1.3-in-diameter  throat  because  of  potential   problems  with 
a r c   i n s t a b i l i t y .  

Tes t -F low Total   Enthalpy  and  Faci l i ty   Thermal   Eff ic iency 

Three  methods  were  used to   de te rmine   to ta l   en tha lpy:   the   energy-ba lance   t ech-  
n ique   ( r e f .  7)  , the   equi l ibr ium  sonic- throa t   t echnique   ( re f .  11)  , and   t he   t o t a l -  
temperature  measurements. A comparison  of  the  results i s  shown i n  f i g u r e  30, i n  
which t o t a l   e n t h a l p y   a t   t h e   n o z z l e   t h r o a t  i s  p l o t t e d   v e r s u s   4 / ( p t f l ~ * ) .  Data 
obta ined   for   a l l   th ree   meter ing   nozz les   a re   p resented .  The energy  balance  and  uncor- 
rec ted   thermocouple   da ta   a re   cor re la ted  by the   G / (p t , lA*)   pa rame te r ,   and   a l l   t h ree  
methods a r e  i n  re la t ive  agreement   over   the  lower  port ion  of   the  enthalpy  range.  
However, total   enthalpy  determined  using  the  total- temperature   measurements  i s  lower 
than   t he   o the r  two methods a t   t h e   h i g h e r   e n t h a l p i e s .  As discussed   prev ious ly ,   the  
total-temperature  measurements are sub jec t   t o   r ad ia t ion ,   ve loc i ty ,   and   hea t  conduc- 
t i o n   l o s s e s  which are d i f f i c u l t   t o   a c c o u n t   f o r   a c c u r a t e l y .  Because  of   these  errors ,  
t h e  measured   va lues   o f   to ta l   t empera ture   a re  less than   the   ac tua l   va lues .  The 
energy-balance  technique i s  b e l i e v e d   t o   b e   t h e  most  accurate  of  the  three  methods  for 
determining t o t a l  enthalpy  because it i s  independent   o f   the   k ine t ic   s ta te   o f   the   gas  
and   because   fac i l i ty   thermal   e f f ic iency  i s  high.  (Approximately 50 percent  of t h e  
energy  avai lable   f rom  the arc remains i n   t h e  main a i r f low a t  t h e  e x i t  o f   t he   hea t e r . )  
Therefore ,   the   energy-ba lance   to ta l   en tha lpy  i s  used  throughout  the  remainder  of  this 
repor t .  

Fac i l i t y   t he rma l   e f f i c i enc ie s   ob ta ined   du r ing   ope ra t ion   w i th  a l l  th ree   meter ing  
nozzles are shown i n   f i g u r e  31 a s  a func t ion   o f   t h roa t   t o t a l   en tha lpy .   Fac i l i t y  
thermal   e f f ic iency  is  defined as  t h e   f r a c t i o n   o f   t h e   a r c  power  which is  i n   t h e  
a i r f low a t  the   nozz le   th roa t .  The t rends   o f   the   e f f ic iency   curves  may be  explained 
as fo l lows .   Increas ing   th roa t   s ize   decreases  plenum pressure  and,  generally,  arc 
heater   pressure  (unless   the  f low  f rom  the downstream e lec t rode  is  choked) f o r  a given 
operat ing  condi t ion.  L o w e r  opera t ing   pressures   y ie lded  a r e d u c t i o n   i n   h e a t  loss t o  
a l l  water-cooled  components.  Therefore, a t  a cons t an t   t e s t   en tha lpy ,   i nc reased  
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t h r o a t   s i z e  w i l l  y ie ld   h igher   fac i l i ty   thermal   e f f ic iency .   Increas ing   the   bypass  
a i r f low rate while   holding tap se t t i ngs   and  main a i r f l o w  rates constant   decreases  
t e s t  en tha lpy   and   i nc reases   t o t a l   a i r f low rate, plenum  chamber pressure,   and arc 
hea ter   p ressure   ( i f   the   f low  f rom  the  downstream e l e c t r o d e  i s  not   choked) .   mr ing  
operation.with  the  5.6-in-diameter  metering  nozzle,-the  f low  exit ing  the  downstream 
e lec t rode  w a s  always  choked  (fig.   26).   Therefore,   increased  bypass  airflow  yielded 
h.igher plenum pressure but   had   no   e f fec t   on   the  pressure w i t h i n   t h e   a r c   h e a t e r  or on 
t h e   h e a t  loss t o  t h e   a r c  heater components  (which comprises most  of t h e   f a c i l i t y   h e a t  
l o s s e s ) .  As a resul t ,   eff ic iency  remained  approximately  constant   over   the  total-  
enthalpy  range.  During  operation  with  both  the  2.2-in-  and  1.3-in-diameter  metering 
n o z z l e s ,   l a r g e r   b y p a s s   f l o w s   r e s u l t e d   i n   h i g h e r   p r e s s u r e s   i n   b o t h   t h e  plenum chamber 
and   t he   a r c   hea t e r ,   and   t hus   i n   g rea t e r   hea t   l o s ses   t o  a l l  water-cooled  components. 
T h i s   e f f e c t  was g rea t e r   fo r   t he   sma l l e r   me te r ing   nozz le ,   y i e ld ing   t he   va r i a t ions   o f  

Qfac with  ht, shown i n   t h e   f i g u r e .  

Total-Temperature  Profiles 

Total-temperature  profiles  were  measured a t   t h e   e x i t s  of  the  metering  nozzles t o  
determine if the  f low  uniformity w a s  s u f f i c i e n t   t o   w a r r a n t   c o n s t r u c t i n g   f a c i l i t y  
con toured   nozz le s   fo r   t e s t ing   s c ramje t s   a t   s imu la t ed   f l i gh t  Mach numbers of 4 
and  5.5. ( A  n o z z l e   f o r  Mach 7 f l i g h t   s i m u l a t i o n   e x i s t s .  ) The f a c i l i t y   a i r   i n j e c t i o n  
conf igu ra t ion ,   i n  which the  unheated  bypass 'air  i s  in j ec t ed   i n to   t he   a r c -hea ted   f l ow,  
r e q u i r e s   t h a t  a high  degree  of   mixing  occur   in   the plenum  chamber to   ach ieve  a s a t i s -  
f ac to ry  t es t  flow.  Methods t o  enhance  mixing  of  the  main  and  bypass  airflows  within 
t h e  plenum  chamber t o  improve t h e   t o t a l - t e m p e r a t u r e   p r o f i l e s  were also  explored.  
These methods included  modifying  the number and   s i ze   o f   t he   bypass   a i r   i n j ec t ion  
s lo ts   loca ted   be tween plenum r ings  1 and 2 and  between  plenum r ings  2 and 3. The 
va r ious   bypass   a i r   i n j ec t ion   conf igu ra t ions   u sed   a r e   ou t l i ned   i n   t ab l e  111. 

In a p r e v i o u s   t e s t   s e r i e s   ( r e f s .  4 and 7), p i to t   p re s su re   and   s t agna t ion   po in t  
heat ing-rate   surveys were used t o  obta in  a t o t a l - e n t h a l p y   p r o f i l e   a t   t h e   e x i t  of t h e  
Mach 6 f ac i l i t y   con toured   nozz le .  The t h r o a t   a r e a   o f   t h i s   n o z z l e  was t h e  same a s  
that   of   the   1 .3- in-diameter   meter ing  nozzle ,   and  the  resul tant   f low  uniformity was ' 

determined t o  be s u f f i c i e n t   € o r  Mach 7 sc ramje t   engine   t es t ing .   IXr ing   the   p resent  
t e s t   s e r i e s ,   o n l y   c e n t e r l i n e   t o t a l   t e m p e r a t u r e s  were  measured a t   t h e   e x i t  o f   the  
1.3- in-diameter   meter ing  nozzle   for   several   tes t ing  condi t ions  using  configurat ion 
number 1 i n  t a b l e  111. These  measurements were gene ra l ly  somewhat lower than   the  
to ta l   t empera tures   ca lcu la te?   wi th   the   energy-ba lance  method.  (See  fig. 30. ) Poten- 
t i a l  thermocouple error a t   t h e s e  extreme  conditions make t h i s  da ta  somewhat incon- 
c lus ive ;  however, the   bes t   es t imates   o f   thermocouple   e r ror  s t i l l  l eave   t he  thermo- 
couple  measurements  lower  than  the  energy-balance  temperatures. This i s  a l s o  
cons is ten t   wi th  a well-mixed  flow. A h igh   cen te r l ine   t empera tu re   ( r e l a t ive   t o   t he  
energy  balance  predict ion)  would be  expected  if   the  arc-heated  f low  and  the  bypass 
flow  were  not w e l l  mixed  because  the  unheated  bypass a i r  i s  i n j e c t e d  from t h e  plenum 
r i n g s   a t   t h e   p e r i p h e r y  of the  arc-heated  f low. 

To e x p l o r e   t h e   f l o w   u n i f o r m i t y   o f   t h e   f a c i l i t y   t e s t   s t r e a m   a t   s i m u l a t e d  Mach 5.5 
f l i g h t   c o n d i t i o n s ,   t o t a l   t e m p e r a t u r e s  were  measured a t   t h e   e x i t  of t he  2.2-in- 
diameter  metering  nozzle  with  the  chromel/alumel  thermocouple  rake shown i n   f i g u r e  19 
and  with  bypass a i r   i n j e c t i o n   c o n f i g u r a t i o n  number 3 i n   t a b l e  111. Tests were made 
wi th   the   rake   ro ta ted   f rom 00 t o  1350 i n  450 increments t o  o b t a i n   p r o f i l e   d a t a   a c r o s s  
t h e   e n t i r e   n o z z l e  e x i t .  Tota l - tempera ture   p rof i les   ob ta ined   a t  a f l o w   t o t a l   p r e s s u r e  
r e p r e s e n t a t i v e   o f   f l i g h t   a t   a n   a l t i t u d e  of  91 000 f t   i n d i c a t e   t h a t   t h e  flow  uniform- 
i t y  w a s  except ional ly  good. ( S e e   f i g .   3 2 . )   T h e r e f o r e ,   f a c i l i t y   o p e r a t i o n   a t   t h i s  
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s imula t ed   f l i gh t   cond i t ion  i s  adequate  €or scramjet t e s t ing .  Bulk t o t a l  temperature 
derived  with  the  energy-balance  technique was in  excellent  agreement  with  the  thermo- 
couple  measurements. 

To exp lo re   t he   f l ow  qua l i t y   o f   t he   f ac i l i t y  t es t  stream a t  simulated Mach 4 
f l i gh t   cond i t ions ,   t o t a l   t empera tu res  were measured a t   t h e   e x i t  of  the  5.6-in- 
diameter  metering  nozzle  with  the  chromel/alumel  thermocouple  rake. The chance  of 
poor  flow  uniformity  because  of  inadequate  mixing  of  the  arc-heated main a i r f low  wi th  
the  unheated  bypass   a i r f low  within  the plenum  chamber w a s  g r e a t e s t   w i t h   t h i s   t h r o a t  
because  the  bypass a i r  w a s  i n j e c t e d   i n t o  a choked  main a i r f low  i s su ing   f rom  the  con- 
s t r ic ted  downstreah  e lectrode.   (See  f ig .   26.)  The l a r g e r   t h r o a t   f l a w  area r e l a t i v e  
t o  the  f low  area  of  the  10.38-in-diameter plenum  chamber could  a lso  unfavorably 
a f fec t   f low  uni formi ty .  

In i t ia l   to ta l - tempera ture   p rof i les   ob ta ined   wi th   the   5 .6- in-d iameter   th roa t   for  
bypass a i r  in j ec t ion   conf igu ra t ion  number 2 are shown i n   f i g u r e  33. Flow t o t a l  pres-  
s u r e  w a s  representa t ive   o f  Mach 4 f l i g h t   a t   a n   a l t i t u t e  of 91 0 0 0  f t .  These p r o f i l e s  
show an asymmetry with  the  thermocouple  rake mounted i n   t h e   h o r i z o n t a l   p l a n e  which i s  
o n l y   s l i g h t l y   d e t e c t a b l e   w i t h   t h e   r a k e   i n   t h e   v e r t i c a l   p l a n e .   T h i s  was f i r s t  
bel ieved  to   be  caused by d e t e r i o r a t i o n  of t he   bo ron   n i t r i de   i n su la to r s   ( l oca t ed  
between t h e  plenum r ings )   c r ea t ing   an   imba lance   i n   t he   d i s t r ibu t ion  of t h e   i n j e c t i o n  
of  bypass a i r .  I n  an  attempt t o   e l i m i n a t e   t h i s  problem, a s e t  of  0.125-in-thick 
copper  discs was added  between t h e  plenum r ings   and   the   insu la tors .   (See   bypass   a i r  
in jec t ion   conf igura t ion  number 3, t a b l e  111.) Even wi th   insu la tor   b reakage   the   a rea  
of the   s lo t   in jec t ion   should   remain   cons tan t .   Tota l - tempera ture   p rof i les   ob ta ined  
a f t e r   a d d i t i o n  of these   copper   r ings   a re  shown i n   f i g u r e  34; the   resu l tan t   f low  uni -  
formity was n o t   s u b s t a n t i a l l y  changed. To improve  mixing  further  without  redesign  of 
t h e  a i r  i n j e c t i o n  components  of t he   a r c   hea t e r ,   t he   d i s t r ibu t ion   o f   bypass  a i r  in j ec -  
t i o n  w a s  changed so t h a t   a l l   t h e   b y p a s s   a i r  was injected  between plenum r ings  1 
and 2. This  required  machining slots in   the   copper   d i sc   cover ing  plenum r i n g  2 (so 
t h a t   t h e   i n j e c t i o n   a r e a  a t  t h i s   s t a t i o n  was doubled)   and   c los ing   of f   the   bypass   a i r -  
l i n e s   t o  plenum r i n g  3 (bypass a i r  in jec t ion   conf igura t ion  number 4, t a b l e  111). 
Thus, a l l   t h e  bypass a i r  was i n j e c t e d   a s   c l o s e   t o   t h e   c e n t e r l i n e   a s   p o s s i b l e   w i t h   t h e  
e x i s t i n g  plenum r ing   des ign .  The corresponding  total- temperature   prof i le ,   obtained 
on ly   fo r   t he  135O rake  orientation  (shaded  symbols i n  f i g .   34 ) ,   i nd ica t e s   t ha t   mix ing  
was much improved. 

Total- temperature   prof i les   obtained  with  the  5 .6- in-diameter   meter ing  nozzle  
were still less uniform  than  those  obtained  with  the  2.2-in-diameter  metering  nozzle. 
However, t h e  maximum variat ion  of   total .   temperature   f rom  the  average  value w a s  only 
+4 percent.  This flow  uniformity i s  cons idered   to   be   adequate   for   sc ramje t   engine  
a n d   i n l e t   t e s t i n g .  

Total- temperature   prof i les  w e r e  a l s o   o b t a i n e d  a t  the  exi t   of   the   5 .6- in-diameter  
me te r ing   nozz le   w i th   va r ious   bypass   a i r f low  r a t e s   a t  a f i x e d   a r c  power and a f i x e d  
main a i r f low  ra te .  This re su l t ed   i n   run   cond i t ions   ove r  a range  of t o t a l  en tha lp i e s  
( to ta l   t empera tures) .   These   p rof i les ,  which a r e  shown i n   f i g u r e  35, i n d i c a t e   t h a t  
mixing i s  more complete a t  h igher   bypass   a i r f low  ra tes   in   the   range   of   in te res t .  

Some tests with  the  5 .6- in-diameter   throat  were made a t  h i g h e r   a r c  powers t o  
demonstrate   heater   operat ion a t  near  maximum capab i l i t y .  However, without some modi- 
f i c a t i o n ,   t h e   p r e s e n t  a i r  system  could  not  provide enough  bypass a i r f low a t  t h e s e  arc 
power l e v e l s   t o   r e a c h  Mach 4 enthalpy.  Therefore,   the tests, which were conducted 
with  bypass a i r  in j ec t ion   conf igu ra t ion  number 2, r e s u l t e d   i n   t o t a l - t e m p e r a t u r e  
l e v e l s   g r e a t e r   t h a n   t h o s e   r e q u i r e d   f o r  Mach 4 f l i gh t   s imu la t ion .  me corresponding 

13 



p r o f i l e s  are shown i n   f i g u r e  36. S ince   the   damst ream  e lec t rode   f low is choked  dur- 
ing   opera t ion   wi th   the   5 .6- in-d iameter   th roa t ,   the   po ten t ia l   o f   the  arc h e a t e r   t o  
reach  high power l e v e l s   f o r  Mach 4 f l i g h t   s i m u l a t i o n  w a s  demonstrated  even  though  the 
bypass   a i r f low  level  w a s  not  achieved. The increased  bypass   a i r f low rate would  have 
n o   e f f e c t   o n   a r c   h e a t e r   o p e r a t i n g   c h a r a c t e r i s t i c s ;  however, as s t a t e d  above, 
increased  bypass  airflow rate ( t o  reach Mach 4 conditions)  should  improve  flow  uni- 
fo rmi ty   fo r   t he   run   cond i t ions  shown i n   f i g u r e  36. 

These  f low  uniformity  s tudies   indicate   that   the  scramjet tes t  f a c i l i t y   c a n   b e  
u s e d   f o r   e f f e c t i v e  scramjet e n g i n e   t e s t i n g   a t   c o n d i t i o n s   s i m u l a t i n g   f l i g h t  Mach  num- 
be r s  from 4 t o  7 and a range  of   a l t i tudes.   Therefore ,   wi th   the  proper   contoured 
nozzles,   engine tests can  be  conducted  over   this  Mach number range  without  removing 
the  model  from t h e   f a c i l i t y .  

Nitrogen Oxide  Contaminants 

Nitrogen  oxide  contaminants i n   t h e   t e s t   s t r e a m   e n t e r i n g  a scramjet engine  afPect  
t he   i gn i t i on   o f   t he   hydrogen-a i r   mix tu re   ( r e f .   13 )   and   a l so   a f f ec t   t he   eng ine   pe r -  
formance by reducing   the  oxygen ava i lab le   for   the   combust ion   process   ( re f .   14) .  
Therefore, a knowledge  of t h e   q u a n t i t y  of   n i t rogen   ox ides   in   the   f low i s  necessary so 
tha t   engine  t es t  r e s u l t s  f rom  ground  fac i l i j z ies   can   be   p roper ly   re la ted   to   ac tua l  
f l i g h t   s i t u a t i o n s  where the   n i t rogen   ox ides  would not   be   p resent .  Flow samples a t  
t e s t   cond i t ions   ove r   t he  expanded f a c i l i t y   o p e r a t i n g   r a n g e  were captured i n  a sample 
bot t le   ( f ig .   17)   and  analyzed  to   determine  ni t rogen  oxide  content .  A t  each  enthalpy 
l e v e l ,   f a c i l i t y   a r c  power and   a i r f low  r a t e  were va r i ed  t o  achieve a r ange   o f   t o t a l  
pressures   and,   therefore ,  a range  of   a l t i tude  s imulat ion.  

The resu l t s   o f   these   n i t rogen   ox ide  measurement t e s t s  are shown i n   f i g u r e  37. 
Genera l ly ,   n i t rogen   ox ide   l eve l   increases  as s imulated Mach number (i .e. , flow t o t a l  
temperature) is  increased  from 4 t o  7. This   t rend is  most  pronounced a t  the  lower 
a r c  powers. For a l l   t h e   d a t a  shown i n   f i g u r e  37, t h e   t o t a l   e n t h a l p y   o f   t h e   f l o w  
leaving   the  downstream e lec t rode  was e s sen t i a l ly   cons t an t .  Also, most  of t h e   n i t r i c  
ox ide   p resent   in   the   f low w a s  produced  in  the  heater.   Therefore,   lower  percentages 
of  nitrogen  oxides would be  expected a t  t h e  tes t  t o t a l   e n t h a l p i e s   c o r r e s p o n d i n g   t o  
lower Mach numbers because   o f   t he   d i lu t ion   e f f ec t  of the   h igher   bypass   a i r f lows  
requi red   to   ach ieve   these   en tha lp ies .  All three   curves   t end   to   peak  a t  the  middle 
a r c  powers  and t o  converge a t   t h e   h i g h e r   a r c  powers. 

The levels   of   ni t rogen  oxide  contaminat ion i n  t h e   f a c i l i t y  tes t  stream reach a 
maximum of more than  3.5  percent by volume f o r  Mach 7 f l i gh t   s imu la t ion .  An attempt 
w a s  made t o  reduce   these   l eve ls  by d e c r e a s i n g   t h e   t o t a l   e n t h a l p y   o f   t h e   a i r   e x i t i n g  
the   hea te r .  This was accomplished by inc reas ing   t he  main a i r f low  r a t e   wh i l e   keep ing  
the  power-supply t ap   s e t t i ngs   cons t an t   and   ad jus t ing   t he   bypass   a i r f low  r a t e   t o  main- 
t a i n   t h e   t e s t   t o t a l   e n t h a l p y .  The r e s u l t s   a r e  Shawn in   f i gu res   38 (a )   and   38 (b )   fo r  
r e s p e c t i v e   t a p   s e t t i n g s  on both power supplies  of 16 and 33. For t h e  power-supply 
t a p   s e t t i n g  of 16, the  data   obtained  with  the  1 .3- in-diameter   meter ing  nozzle  show a 
dramatic   decrease  (56  percent)   in   ni t rogen  oxide  content  as  t h e  main a i r f l o w   r a t e  
increased 32 percent .  A smaller va r i a t ion   o f   n i t rogen   ox ide   l eve l   w i th  main a i r f low 
r a t e  was observed  with  the two larger  metering  nozzles.   For  the  power-supply  tap 
s e t t i n g   o f  33, data  from  both  the  2.2-in-  and  5.6-in-diameter  metering  nozzles show a 
s l i g h t   d e c r e a s e   i n   n i t r o g e n   o x i d e   l e v e l s   a s  main a i r f low  increased   and ,   therefore ,  
heater  flow  total  temperature  decreased.  Data  from  the  1.3-in-diameter  metering 
nozzle were no t   ob ta ined   s ince   t he  main a i r f low rate a t  t h i s  tap s e t t i n g   c o u l d   n o t   b e  
increased  because  of  arc-stabil i ty  problems. 
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Range of Test Conditions 

This t e s t  se r i e s   demons t r a t ed   t he   ve r sa t i l i t y   o f   t he  STF a r c   h e a t e r   a n d   e l e c -  
t r i c a l  system  combination  through  successful  operation  over a wide  range  of tes t  
condi t ions a t  a r c  powers  from  2.3 t o  13 MW. The t e s t   c o n d i t i o n s  which r e s ' u l t e d   i n  a 
s t a b l e   o p e r a t i n g  mode (and  which are use fu l   t o   r ep roduce   du r ing   fu tu re  t es t  series) 
are shown i n  terms of f a c i l i t y   s t a g n a t i o n   c o n d i t i o n s   f o r   t h e  1.3-in-,  2.2-in-,  and 
5.6-in-diameter  metering  nozzles i n   f i g u r e s   3 9 ( a ) ,   3 9 ( b )  , and  39(c) . Future test- 
i n g  w i l l  be  done  with  equal  power-supply  tap  s ,ett ings,  a b a l l a s t   r e s i s t a n c e   o f  
1.304 ohms, and  the new downstream electrode  design.  All t h e   d a t a  shown i n   f i g u r e  39 
were obtained a t   t h e s e   c o n d i t i o n s .  

The dashed  curves i n   f i g u r e s   3 9 ( a )   t o   3 9 ( c )   i n d i c a t e   t h e   e n t h a l p y   l e v e l   r e q u i r e d  
fo r   s imu la t ing   f l i gh t   cond i t ions  a t  t h e   f a c i l i t y - n o z z l e   e x i t  Mach number. This cor- 
responds t o  a f l i g h t   s i t u a t i o n   w i t h  no  forebody  precompression,  that  is ,  t h e  scramjet 
i n l e t  Mach number is  t h e  same as t h e   a i r c r a f t   f l i g h t  Mach number. Engine t e s t i n g  a t  
to ta l -en tha lpy   leve ls  less t h a n   t h o s e   c o r r e s p o n d i n g   t o   t h e   f a c i l i t y - n o z z l e   e x i t  Mach 
numbers ( t o   t h e   l e f t  of   the   dashed  curves)   represents  a f l i g h t   s i t u a t i o n   i n  which t h e  
flow is  expanded p r i o r   t o   e n t e r i n g   t h e   s c r a m j e t ,   t h a t  is ,  a s c r a m j e t   i n l e t  Mach 
number g r e a t e r   t h a n   t h e   v e h i c l e   f l i g h t  Mach number (an  undesirable   and  unl ikely 
s i tua t ion) .   Scramje t   engine  tests w i l l  be  most  meaningful a t  e n t h a l p y   l e v e l s   e q u a l   t o  
o r   g r e a t e r   t h a n   t h a t   c o r r e s p o n d i n g   t o   t h e   f a c i l i t y   n o z z l e   e x i t  Mach number, t h a t  is ,  
t o   t h e   r i g h t  of t he   dashed   cu rve .   Tes t ing   i n   t h i s   r eg ion  i s  representat ive  of  a 
f l i g h t   s i t u a t i o n   i n  which the  f low i s  compressed p r i o r   t o   e n t e r i n g   t h e   s c r a m j e t ,   t h a t  
is, t h e   s c r a m j e t   i n l e t  Mach number i s  l e s s   t h a n   t h e   v e h i c l e   f l i g h t  Mach number. 

The degree  of  simulated  forebody  precompression  increases  as  total   enthalpy i s  
increased  above  the  level   corresponding t o  t h e   f a c i l i t y - n o z z l e   e x i t  Mach number. 
Fl ight   condi t ions  with  the  values   of   precompression  chosen  for   the  present   s tudy  and 
f o r   o t h e r s   ( r e f s .  3 t o  6)   a re   represented  by t h e   t o t a l   e n t h a l p y   i n d i c a t e d  by t h e  
s o l i d   c u r v e s   i n   f i g u r e s   3 9 ( a )   t o   3 9 ( c ) .  These  curves  correspond t o   s i m u l a t e d   f l i g h t  
Mach numbers of 7, 5.5,  and 4. These   f igures   ou t l ine   the   range   of  tes t  s tagnat ion  
p res su res   ava i l ab le   a t   each  of t hese   s imu la t ed   f l i gh t  Mach numbers. 

The range   of   s imula ted   f l igh t   condi t ions   ava i lab le   for   sc ramje t   engine   t es t ing  
( i .e . ,  t h e   r e s u l t a n t   f l i g h t  Mach nunber  and al t i tude  operat ional   envelope)   depends on 
the  chosen  degree  of  flight-vehicle-forebody  precompression. As discussed,   the  
l imi t ing   ca se  i s  t h a t  of   zero  precompression;   this   tes t   envelope i s  o u t l i n e d   i n   f i g -  
u re   40 (a ) .  The scramjet   engine t e s t  envelope  corresponding to   f l i gh t -veh ic l e   con f ig -  
urat ions  with  the  levels   of   precompression  chosen  for   the  present   s tudy is shown i n  
f igu re   40 (b ) .   S imi l a r  test envelopes   could   be   cons t ruc ted   for   o ther   l eve ls  of pre- 
compression. The shaded symbols i n   f i g u r e s   3 9 ( a )   a n d  40 ( b )   r e p r e s e n t   t h e   s i n g l e -  
po in t   opera t ion   of   the  STF p r i o r   t o   t h e   a r c   h e a t e r   r e s e a r c h  t es t  s e r i e s .  

Sc ramje t   i n l e t  tests a t  the   pa r t i cu la r   nozz le -ex i t  Mach numbers (suppl ied by 
nozz le s   w i th   i den t i ca l   t h roa t   a r eas  as  t h o s e .   u s e d   t o   o b t a i n   t h e   d a t a   i n   f i g .  ,391 
could  be  conducted  over   the  ent i re   total -enthalpy  range shown i n   t h e s e   f i g u r e s .  
However, f o r   i n l e t   t e s t i n g ,   t h e   t o t a l .   e n t h a l p y   n e e d   o n l y   b e   h i g h  enough t o  prevent  
f low  l iquefact ion.  Of more importance are t h e   i n l e t  Mach number and  the  Reynolds 
number. T h e r e f o r e ,   i n l e t  tests can  be  conducted a t  t o t a l  en tha lp i e s  less t h a n   t h a t  
of the  dashed  curves.  The much less severe tes t  environment  associated  with  the 
lower t o t a l   e n t h a l p i e s  allows t h e   u s e   o f  less e labora te ,   uncooled   in le t   des igns   wi th  
more convent iona l   ins t rumenta t ion   than   can   be   used   in  a high-temperature  flow. 
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Refined Test Setup  Procedure 

An i m p o r t a n t   r e s u l t   o f   t h i s  t e s t  series w a s  t h e  development of systematic  proce- 
d u r e s   f o r   a d j u s t i n g   t h e  main  and  bypass  airflow rates and   t he  power-supply t a p  set- 
t i n g s  t o  ob ta in   spec i f i c   f l ow  cond i t ions   w i th in   t he   f ac i l i t y   ope ra t ing   r ange .  These 
procedures,  which  maintain a cons tan t  t o t a l  b a l l a s t   r e s i s t a n c e   o f  1.304 ohms and 
equal tap s e t t i n g s  on both power s u p p l i e s ,   a r e   o u t l i n e d  as follows: 

1. The f a c i l i t y   s t a g n a t i o n   c o n d i t i o n s   ( t o t a l   e n t h a l p y   a n d   t o t a l   p r e s s u r e )   c o r -  
responding t o   t h e   d e s i r e d   f l i g h t   s i m u l a t i o n   c o n d i t i o n  (Mach number, a l t i -  
tude,   and  degree  of  preconpression)  are  established. 

2. Figure 30  i s  used to   de te rmine   the   necessary   to ta l   a i r   f low  ra te   cor respond-  
i n g   t o   t h e s e   c o n d i t i o n s .  

3.  Figure 3 1  i s  used t o  approximate 
r e q u i r e d   t o t a l   e n t h a l p y ,  where 

f a c i l i t y   t h e r m a l   e f f i c i e n c y   q f a c   f o r   t h e  

10&t(ht, l  - h 1 - a i r , i n  
%ac - P 

This  equation i s  used t o  de te rmine   the   requi red   a rc  power. 

4. The required  power-supply tap se t t i ngs   a r e   ob ta ined   f rom  f igu re   29 (a ) ,   and  
the  corresponding  main  airflow rate i s  determined  from  figure 27. Bypass 
a i r f l o w   r a t e  i s  ca l cu la t ed   a s   t he   d i f f e rence   be tween   t he  known t o t a l   a n d  
main a i r  mass f low  ra tes .  

5. The a r c   h e a t e r   e l e c t r i c a l   c h a r a c t e r i s t i c s   ( a r c   r e s i s t a n c e ,   v o l t a g e ,   a n d  
current)   corresponding  to   these  setup  procedures   can  be  determined 
approximately  from  figures 28, 29(b) ,   and   29(c) .  

In   s teps  3 t o  5, pa rame te r s   fo r   o the r   t h roa t   a r eas   w i th in   t he   r ange   o f   t hose   t e s t ed  
must  be  determined  approximately by in te rpola t ion .  The d a t a   u s e d   i n   t h e s e   s e t u p  
procedures  were  obtained  using  nominal main a i r f l o w   r a t e s   ( f i g .   2 7 ) .  For the  proce-  
dures   to   be   accura te ,  it is  essent ia l   that   these  nominal   main  a i r f low  ra tes   be  used.  
Resul t s   a re   l ess   sens i t ive   to   bypass   a i r f low  ra te ;   however ,  some small adjustments  of 
bypass   a i r f low  r a t e  may be   necessa ry   t o   ob ta in   t he   exac t   t o t a l   en tha lpy   des i r ed .  

CONCLUDING FS3MARKS 

The a r c   h e a t e r   r e s e a r c h   t e s t   s e r i e s  showed t h e   v e r s a t i l i t y   o f   t h e   a r c   h e a t e r   a n d  
electrical   system  combination  of  the  Langley Mach 7 Scramjet T e s t  Fac i l i t y .  The 
p o t e n t i a l   o f   t h e   f a c i l i t y   f o r   s c r a m j e t   e n g i n e   t e s t i n g  was demonstrated a t  simulated 
f l i gh t   cond i t ions  from Mach 4 ( a t   a l t i t u d e s  from 77 0 0 0  t o  114 000 f t )   t o  Mach 7 ( a t  
a l t i t u d e s  from  108 000 t o  149 000 f t ) .  The f e a s i b i l i t y   o f   c o n d u c t i n g   i n l e t  tests i n  
t h e   f a c i l i t y   o v e r  a s imilar   range  of  Mach numbers was a l s o  shown. Arc h e a t e r   e l e c -  
t r i c a l   o p e r a t i n g   c h a r a c t e r i s t i c s  were determined  over   the  corresponding  range  of  
f ac i l i t y   s t agna t ion   cond i t ions ,   and   sys t ema t i c   p rocedures   fo r   gene ra t ing   t h i s  wide 
range  of   operat ing  condi t ions were presented.  Test-f low to t a l - t empera tu re   p ro f i l e s  
were determined t o  be   su f f i c i en t ly   un i fo rm  fo r   bo th   s c ramje t   eng ine   and   i n l e t  test- 
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ing ,   and   leve ls   o f   n i t rogen   ox ide   contaminants   in   the   fac i l i ty  test  stream were 
determined  over   the  range  of   condi t ions  useful   for   engine  tes t ing.  

These tests a lso   p rovided  a s o l u t i o n  t o  a problem  of  O-ring f a i lu re   and   de f ined  
f a c i l i t y   o p e r a t i o n a l  limits t o  avoid arc i n s t a b i l i t y .  The e l imina t ion   of   these  
opera t iona l   p roblems  resu l t s   in   cos t   sav ings  by minimizing  hardware damage during 
ope ra t ion ,   i nc reas ing   dependab i l i t y   and   cons i s t ency   o f   t he   f ac i l i t y ,   and   s ign i f i -  
c a n t l y   i n c r e a s i n g   f a c i l i t y   p r o d u c t i v i t y .  

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton, VA 23665 
August 18, 1983 
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TABLE 1.- ARC HEATER COMPONENTS 

[See  f ig .  101 

N u m b e r  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
13  
14 
15 
16 
17 
18 
19 
20 

Nunbe r 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Description 

Rear c losu re  
Rear  housing 
Split f l ange  
F ie ld   co i l   assembly  
Rear water j acke t  
Rear water s leeve  
Upstream e lec t rode  
Rear f lange ,  chamber 
Rear i n s u l a t o r  
Front   insu la tor  
Rear s h e l l  seal 
She1 1 
Chamber l i n e r  
I g n i t o r  
F r o n t   s h e l l   s e a l  
Front   f lange,  chamber 
Front water j acke t  
Downstream e lec t rode  
Front  housing 
E'ront f lange ,   hea te r  

Mater ia l  

Copper 
Naval b ra s s   a l l oy   fo rg ing ,  no. 464 
S t a i n l e s s  steel, type 303 
Copper tub ing ,   i n su la t ed  
S t a i n l e s s   s t e e l ,   t y p e  304 
S t a i n l e s s   s t e e l ,   t y p e  304 
Copper,  no. 102 
S t a i n l e s s   s t e e l ,   t y p e  3 0 3  
P l a s t i c ,  NEMA G- 10 grade 
P l a s t i c ,  NEMA 0 7  and G I 0  grades 
Naval brass   a l loy   forg ing ,  no. 464 
Naval b ra s s   a l l oy   fo rg ing ,  no. 464 
Copper forging,  no. 150 
Carbon s t e e l  
Copper forging,  no. 150 
Sta in l e s s  steel ,  types 303 and 3 2 1  
S t a i n l e s s   s t e e l ,   t y p e  304 
Copper, no. 102 
S t a i n l e s s   s t e e l ,   t y p e  304 
Sta in l e s s  s teel ,  type 304 

TABLE 11.- PLENUM CHAMBER COMPONENTS 

[See f i g .  111 

- 

Description 
~ ~~~ - 

Plenum housing 
Plenum  chamber l i n e r  
Plenum r i n g  number 1 
Plenum r i n g   n m b e r  2 
Plenum r i n g  number 3 
I n s u l a t o r   r i n g  
I n s u l a t o r   r i n g  
Insu la to r  
Insu la to r  
Insu la to r   r i ng  

~~~ ~ " -. 

~~ ~ 

Material  

S t a i n l e s s   s t e e l ,   t y p e s  304 and 321 
Copper forg ing ,   type  182 
Copper, no. 102 
Copper,  no. 102 
Copper,  no. 102 
Boron n i t r i d e ,  HBR grade 
Boron n i t r i d e ,  HBR grade 
P l a s t i c ,  NEMA 6 5  grade 
P l a s t i c ,  NEMA G-5 grade 
P l a s t i c ,  NEMA 0 5  grade 

~~~ " ." . ~ ~- . ~~~ 
~ . . . . . -, . 

2 0  



TABLE 111.- BYPASS A I R  INJECTION  CONFIGURATIONS 

Configuration N u m b e r  of Component covering Dimensions of 
s l o t s  s l o t s   s l o t s ,   i n .  

A 

S l o t s  between  plenum r i n g s  1 and 2 

1 12 . 

Copper d i s c  -250 X - 1  30 24 4 
Copper d i s c  .250 x .065 24 3 
Insu la to r  -250 X -065 24 2 
Insu la to r  0.140 X 0.065 

S l o t s  between  plenum r i n g s  2 and 3 

0.140 X 0.065 Insu la to r  
-250 X -065 Insu la to r  

24  -250 X -065 Copper d i s c  
(a 1 

aNot used. 
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Figure 1 . -  Airframe-integrated supersonic combustion ramjet. 
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Figure 3 . -  Elevation view of   the  Langley Mach 7 Scramjet Test F a c i l i t y .  Dimensions 
are i n   f e e t .  
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Figure 4.- Photograph of Langley Mach 7 Scramjet  Test  Facility after improvements. 



1400 psig 
cooling  water 

t 

gJ 
Power suppl i es’ 

Ignitor  fuel - 
Model 

injection 7 

100-ft-diam 
vacuum sphere 

Hydrogen fuel 

3-stage  steam ejector 

i 

bot t le   f ie ld  

apparatusd New box 1 

Figure 5.- Major support  systems of the Langley Mach 7 Scramjet  Test  Facility. 
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Figure 6.- Voltage-current  characteristics  for  each of the  two  identical 
power  supplies. 
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Figure 7.- Arc heater  electrical  power system. 
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Ball  ast  resistance 1 
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Figure 8.- Ballast  resistance  arrangements.  Resistance is in ohms. 
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CONNECTOR RINGS 

F i g u r e  9.- L o n g i t u d i n a l - s e c t i o n   v i e w  of Langley  Mach 7 Scramjet Test F a c i l i t y  arc 
heater and  plenum  chamber.  Dimensions are i n   i n c h e s .  
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Figure 10.- Longitudinal-section view of arc  heater. (See  table I for description 
of components. 1 
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Figure 11.- Longitudinal-section view  of bypass  air  injection  slots  and  plenum 
chamber. (See table 11 for  description of components.) 
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Figure 12.- Approximate  specifications for  contoured  facility  nozzles. 
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Figure 13.- Hardware arrangement for  arc  heater  research  tests. 
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Figure 14.- Photograph of 2.2-in-diameter  metering  nozzle  and  connector pipe. 
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(a) 1.3-in-diameter metering nozzle. 

Figure 15.- Schematics of metering-nozzle  configurations.  Dimensions  are in  inches 
unless  otherwise noted. 
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(b) 2.2-in-diameter metering nozzle. 

Figure 15. - Continued. 
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Figure 15. - Concluded. 
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Figure 16.- Power-supply tap  settings  required  to  obtain  various  arc powers as  a 
function  of  arc  resistance. %al = 1.304 ohms. (Calculated from f i g .  6 . )  
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F i g u r e  17 . -  N i t r o g e n   o x i d e  gas sample system. Dimensions are i n   i n c h e s .  
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Figure 18.- Details of iridium/iridium-40-percent-rhodim thermocouple probe and 
test arrangement.  All  dimensions in inches  unless  otherwise noted. 
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Figure 19.- Details of chromel/alumel thermocouple rake. Dimensions  are  in inches. 
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Figure 20.- Modification of downstream electrode. 
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Figure 22.- Variation of arc  power  with  arc  resistance  and  ballast  resistance. 
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(b )  Tap s e t t i n g  of 25 on both power supplies. 

Figure 22.- Continued. 
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Figure 22.- Concluded. 
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( a )  Arc resistance  as a function of arc  heater  airflow  rate and metering-nozzle 
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(b )  Arc resistance  as a function of heater  pressure. 

Figure 23.- Variation of arc  resistance with arc  heater  airflow  rate,  heater 
pressure, and metering-nozzle throat  size.  open symbols for nominal main 
airflow  rates,  variable  tap  settings, and variable bypass airflow  rates; shaded 
symbols for  power supply tap  sett ings of 16 and variable main airflow  rate; 
Rbal = 1 304 Ohms. 
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Figure 24.- Effects 
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of main airflow  rate on arc  heater and  plenum  chamber properties 
for  5.6-in-diameter  metering  nozzle,  tap se t t ing  of 16 on both power supplies, 
constant  bypass airflow rate ,  and sal = 1.304 ohms. 
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Figure 25.- Effect  of main a i r f low  r a t e  on a r c  power f o r   t a p   s e t t i n g  of 33 on both 
power suppl ies  and Rbal = 1.304 ohms. 
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main airflow rates and Rbal = 1.304 ohms. 
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Figure 29.- Arc heater  electrical  characteristics  as  functions of  power-supply tap 
setting  for  nominal  main  airflow  rates  and Rbal = 1.304 ohms. 
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